INTRODUCTION
Chronic liver disease (CLD), or cirrhosis, is the gradual destruction of liver parenchyma over time as a result of any chronic injury to the liver. Numerous different pathophysiological mechanisms result in a final common pathway of functioning hepatic tissue being replaced by scar tissue, or fibrosis, leading to impaired hepatic function [1] . For years, the medical treatment of CLD has been centered on symptom control and the prevention of complications. Although by definition cirrhosis cannot be resolved completely, it is possible to slow, halt, and even reverse progression of fibrosis [2] . Nevertheless, once decompensation becomes refractory to medical therapy the only proven treatment for end-stage liver disease is liver transplantation regardless of original cause [3] .
Liver transplantation as a form of definite treatment for CLD, however, is limited by the shortage of organs available for transplantation. As the demand for donor organs grows, therapeutic alternatives to liver transplantation must be sought out. One such possible alternative is cell therapy, or the administration of live, whole cells for the treatment of a disease. The role that cell therapy may play in the treatment of CLD is two-fold. By stimulating endogenous regeneration and inhibiting fibrosis, cell therapy may curb disease progression, thus ideally eliminating the need for liver transplantation [4] . In the cases in which liver transplantation cannot be avoided, cell therapy may serve as a means for liver function support and act as a bridge to surgery, in theory decreasing waitlist mortality rates.
The aim of this review is to highlight the most recent advances made in the field of cell therapy and regenerative medicine for the treatment of CLD.
PRIMARY HEPATOCYTES
Cell therapy for CLD has traditionally been based on the use of primary hepatocytes. Unfractionated, genetically unmodified hepatocyte transplantation through splenic or portal venous infusion has been tested in both animal models and humans, with modest reductions in ammonia levels and encephalopathy [8] . However, there are several important barriers to the use of human hepatocytes.
Engraftment of transplanted cells in the liver parenchyma can be problematic, as a large number of the delivered cells are cleared by activation of the inflammatory cascade. Numerous methods for liver preconditioning have been studied to achieve more successful liver repopulation [9] . In a recent study, the administration of multiple hepatocyte infusions, coupled with pharmacological blockade of the inflammatory response, has shown promise in decreasing transplanted cell clearance, improving engraftment, and accelerating repopulation [10 && ]. Hepatocytes have the ability to engraft and survive for extended periods of time in the spleen, as well as in the liver: in a 5-year follow-up study of intrasplenic hepatocyte transplantation for acute-onchronic liver failure (ACLF), living hepatocyte signals were observed in the spleen at 48 months posttransplantation [11 && ]. The most important limitation to the use of human hepatocytes is isolation of a sufficient quantity of high-quality, metabolically active cells. Hepatocytes are typically harvested from livers not suitable for transplantation, with the variability in quantity and quality that this entails [12] . Furthermore, storage of hepatocytes is not without its complications, as these cells are sensitive to freeze-thaw damage so that viability and engraftment are affected by cryopreservation [13] . Consequently, alternative sources of cells are being actively sought after.
One such possible alternative hepatocyte source is xenotransplantation of animal-derived hepatocytes, namely porcine cells. A number of studies have shown hepatocyte engraftment and function across a species barrier, but while the exclusion of vascular structures may address some of the immunological issues associated with xenotransplantation, the possibility of xenozoonosis remains [14] . Another viable option in the future may be the use of fumarylacetoacetate hydrolase-deficient pigs as incubators for in-vivo expansion of human hepatocytes, as in-utero cell transplantation can lead to
KEY POINTS
Cell therapy for the treatment of chronic liver disease is based on cell transplantation or cell-based extracorporeal support devices for metabolic support while endogenous regeneration takes place, or as a bridge to liver transplantation.
Primary human or porcine hepatocytes may be used, with current research focusing on improving expansion and engraftment, as well as finding alternative sources of cells.
Stem cells are an alternative to the use of primary hepatocytes, with MSCs holding the greatest promise due to the added benefit of their anti-inflammatory, antiapoptotic, immunomodulatory, and proproliferative effects.
Bioartificial liver devices for the treatment of acute-onchronic liver failure have yet to demonstrate survival benefit in humans, although the latest animal trials have shown encouraging results. Based on cell in-vivo half-life [7] Transient dosing Days or weeks
Permanent implantation Years
postnatal engraftment of functional human cells in the xenogeneic recipient, possibly allowing for large-scale expansion of human hepatocytes in genetically engineered pigs [15] . Stem cells are also a potential source of hepatocyte-like cells (HLCs), and will be discussed in the following section. A recent study, however, suggested that in a fumarylacetoacetate hydrolase-deficient mouse chronic liver failure model adult hepatocytes were superior to other cell lines in lessening liver injury, recovering liver function, and promoting liver regeneration [16] . Another recent study showed that periportal hepatocytes are capable of replenishing the entire hepatic parenchyma after chronic hepatocyte damage without giving rise to hepatocellular carcinoma, and therefore may represent a relevant method to restore tissue function while avoiding tumorigenesis [17] . A phase I-II matched case-control study of human fetal liver cell transplantation has also been published that shows significant difference in ], and resulted in histological attenuation of liver fibrosis [31] . A study by the same group analyzed the effects of autologous BM-MSC administration in alcoholic cirrhosis patients, demonstrating histological improvement as measured by the Laennec fibrosis system, as well as a significant reduction in transforming growth factor-b1, type 1 collagen, and a-smooth muscle 
of issues must be addressed. Recent meta-analyses have concluded that although no serious side-effects or complications have been reported, and therefore MSC therapy may be considered well tolerated, study methodology is in general deficient, making multicenter randomized prospective trials necessary to develop standardized protocols for MSC transplantation [33, 34] . Optimal cell dosage, route of administration, number of injections, and therapeutic timing have yet to be determined [35] , and the questions of MSC therapy's long-term effectiveness and potential tumorigenic risk have yet to be answered [36] .
Other cell lines have also been evaluated. In fact, bone marrow-derived CD45 cells have been suggested to be superior candidates to adipose tissue-derived MSCs for the treatment of liver cirrhosis due to their higher capacity for structural and functional improvement of a CCl 4 -induced fibrotic liver mouse model [37] . Intrahepatic transplantation of adipose tissue-derived stem cells has also been proposed as a therapeutic approach for the treatment of non-alcoholic fatty liver disease, as it may reduce lipid metabolism and oxidative stress, as well as improve liver function [38 & ]. A phase I/IIa clinical trial testing intrahepatic injection of these cells for the treatment of cirrhosis will begin shortly [39] . Similarly, transplantation of human adipose tissue-derived multilineage progenitor cells in a CCl 4 -injured mouse model was shown to be linked to a reduction in liver fibrosis, measured through Sirius Red staining, as well as in serum glutamic pyruvate transaminase and total bilirubin levels [40] . These studies show that stem cells may be a viable alternative to the use of primary hepatocytes in CLD.
CELL-BASED EXTRACORPOREAL SUPPORT DEVICES
Whether primary hepatocytes, immortalized cell lines, or stem cell-derived HLCs are used, cell-based extracorporeal support devices are an alternative to cell transplantation for the treatment of ACLF. ACLF is defined as an acute deterioration in liver function in patients with preexisting cirrhosis [41] , and is associated with organ failure and high mortality rates [42] . The goal of extracorporeal support systems is to maintain liver function in order to bridge the patient until a liver is available for transplantation or until the native liver is allowed to spontaneously recover through endogenous regeneration [43] . In the case of ACLF, the need for liver transplantation in the long term will most likely remain due to the underlying CLD, but extracorporeal support therapy may in the future be used to increase survival during acute decompensation. Both artificial and bioartificial devices are being developed for this purpose.
Artificial liver support systems (ALSS) contain no cellular material, and therefore remove toxic substances from the blood through albumin dialysis without sustaining synthetic liver function [44] . Studies involving ALSS such as MARS and Prometheus have shown improvements in bilirubin levels and hepatic encephalopathy, but none have demonstrated survival benefit [45] . Research in this area 
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Blood filter FIGURE 2. Spheroid reservoir bioartificial liver circuit. The blood is pumped through a hollow fiber cartridge filter and a reservoir containing hepatocytes in spheroid form before being returned to the patient.
is still active, and efforts are being made to improve these devices' capacity for albumin dialysis and endotoxemia reduction [46, 47] . On the other hand, BAL support systems (Fig. 2 ) are able to better simulate liver function by virtue of protein synthesis and ureagenesis, as well as blood detoxification, through the incorporation of live, functioning hepatocytes into the device [48] . As discussed earlier, hepatocyte culture is not without its difficulties due to the tendency of these cells to dedifferentiate in vitro [49] . Consequently, many studies have focused on developing hepatocyte carriers that allow for high seeding densities and hepatocyte-specific functions, such as macroporous cryogels and blood-compatible polymers [50, 51] , as well as on methods of monitoring hepatocyte status in bioreactors in order to improve function and viability [52] . Microcapsule-based bioreactors are being built that may in the future be incorporated into the design of BAL systems [53 & ,54]. Another method for hepatocyte preservation within the BAL is the use of spheroids. Earlier this year, a spheroid reservoir BAL was tested in a porcine model of drug-induced acute liver failure, demonstrating a significant survival benefit when compared with no-cell device therapy or standard therapy alone [55 & ].
The availability of primary human hepatocytes is also an issue. A recent study showed no transmission of porcine endogenous retrovirus following treatment with a hybrid BAL containing porcine hepatocytes, opening the door to the use of these cells for extracorporeal liver support in humans [56 && ]. Stem cells may also be a viable option for the replacement of primary hepatocytes [57] . Out of the two BAL devices with the most extensive human trials, the Extracorporeal Liver Assist Device uses C3A human hepatoblastoma cells, while HepatAssist uses porcine hepatocytes [58] . None of the randomized controlled trials have shown survival benefit with either of these devices to date, and meta-analysis results are inconclusive [59, 60] . More studies are necessary to evaluate the effectiveness and safety of the new generation of BAL systems in humans, and to identify the optimal cell line to supply it with [61] .
CONCLUSION
Cell therapy in CLD works by supporting liver function and curbing fibrosis while endogenous regeneration takes place or as a bridge to liver transplantation. It can involve cell transplantation or BAL devices, using either primary hepatocytes or stem cell-derived HLCs. Current strategies focus on effective engraftment and in-vitro preservation; efforts are also being made to find alternatives to hepatocytes, such as MSCs, with immunomodulative properties and trophic paracrine activity. Standardized protocols must be developed to obtain more robust clinical data on cell transplantation. In the case of BAL systems, clinical studies have yet to show survival benefit in humans with ACLF.
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